Leaf shape is a spectacularly diverse trait that influences various aspects of plant physiology, and 13 is even correlated with crop yield and quality in multiple species. However, a broad genotype-to-14 phenotype analysis of leaf shape, and subsequent identification of genes controlling leaf shape 15 traits is limited to only a handful of species. Here, we perform an initial characterization of leaf 16 shape variation in Ipomoea batatas, the sweetpotato, at multiple scales of analysis. We examine 17 leaf shape variation across many diverse, greenhouse-grown accessions using a variety of 18 morphometric analyses, and complement this with a transcriptomic survey to identify gene 19 expression changes associated with two commonly studied leaf shape traits--circularity and 20 aspect ratio. Additionally, we examine the potential that leaf shape in this species is genetically 21 controlled and/or influenced by the environment by performing a field study with replicate 22 clones of 74 accessions grown in two geographically separate common gardens. We 23 comprehensively describe the remarkable morphological diversity in leaf shape in sweetpotato, 24 and identify 147 differentially regulated genes associated with circularity and aspect ratio, 25
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providing an initial set of hypotheses regarding the genetic basis of leaf shape in this species.
26
Interestingly, this work shows important differences in the factors controlling leaf shape between 27 sweetpotato and other species: we found little evidence for a role of homeobox domain genes in 28 the production of leaf shape traits, as identified in C. hirsuta, Capsella, Arabidopsis and tomato, 29 and likewise find that leaf shape traits are primarily under genetic control and not strongly 30 influenced by the environment or by gene by environment interactions. 31 32
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INTRODUCTION 36
After the initial stages of plant domestication, where a wild species is modified through 37 artificial selection to generate a species suitable for human use (Meyer & Purugganan, 2013) , 38 crop germplasm is further enhanced during a phase typically referred to as 'crop improvement' 39 (Simmonds, 1976) . Crop improvement, also known as crop diversification, involves the 40 deliberate breeding of traits that increase yield and/or crop health in a range of environments as 41 well as the breeding of traits that fit human preferences (Meyer & Purugganan, 2013) . Crop 42 improvement allows for the optimization of traits that lead to high productivity, and as such, 43 knowledge of the genetics underlying these traits, along with an understanding of trait-climate 44 interactions is crucial for the production of superior cultivars. Because crop improvement 45 includes modifications that increase yield, abiotic and biotic stress tolerances, and improved 46 nutritional quality, among other alterations, there are a wide variety of traits that can be involved 47 in crop improvement (Meyer & Purugganan, 2013) . 48
Leaf shape is one such potential crop improvement trait (Mathan et al., 2016) . Leaf shape 49 varies spectacularly across genera, species, and even varies among genetic lineages of the same 50 species (Klein et al., 2017) . Leaves can vary in their degree of lobing, length-to-width ratio, 51 venation patterning, prominence of tips and petiolar sinus, or any combinations of the above.
52
Leaf shape influences vital physiological properties, such as thermoregulation (Gurevitch, 1988) , 53
water relations (Wyatt & Antonovics, 1981) , and defense against fungal enemies and herbivores 54 (Brown et al., 1991) . More specifically, leaves that are lobed reduce heat and water stress due to 55 thinner boundary layers (Schuepp, 1993) ; multiple studies have found that shade leaves are less 56 dissected than sun leaves (Vogel 1968 , Jones 1995 , Anderson 1991 . 57 Importantly, leaf shape is correlated with crop yield traits. In tomato (Chitwood et al. 58 2013) and cotton (Andres et al., 2017) , an increase in leaf complexity is positively correlated 59 with expression of genes involved in photosynthesis. Studies have also found an association 60 between leaf shape and both photosynthetic efficiency and fruit sugar content (Chitwood et worldwide, as it is grown on at least eight million hectares in 114 countries (Khoury et al., 2015) . 71 Domesticated at least 5000 years ago in Central or South America (Huaman, 1987) , this species 72 produces the highest amount of edible energy per hectare (de Vries et al., 1967) and is used both 73 as a root crop and as forage for livestock (Murugan et al., 2012) . It is of high importance in 74 developing countries such as the sub-Saharan Africa for its high levels of vitamin A and C as 75 well as calcium and iron (Kays and Kays, 1998) . Sweetpotato exhibits high morphological 76 variation across its ~6000 documented varieties (Huaman, 1987) , and this includes a remarkable 77 array of leaf shapes (Huaman, 1987) . For example, leaves of this species can vary from being 78 highly dissected and lobed, with varying degree of lobing--ranging from 3 to 7 lobes--to being 79 the more typical heart-shape (or chordate) form. Only a limited number of studies have examined 80 the variation in leaf shape in this species (Huaman, 1987 , Hue et al., 2012 , and these studies 81 focused primarily on the degree of lobing and leaf length and width respectively. The extensive 82 range of leaf phenotypes in I. batatas, along with its association with carbon assimilation, 83
warrants an investigation of the potential that leaf shape can be a useful crop improvement trait 84 in this species. 85
Here, and as a first step towards our overarching goal of assessing leaf shape as potential 86 crop improvement trait, we present a broad analysis of leaf shape variation in sweetpotato. For a 87 trait to be a crop improvement trait, there should be evidence of phenotypic variation among 88 cultivated varieties, this phenotypic variation should be genetically controlled, and there should 89 be evidence of a functional relationship between aspects of the trait and crop yield or quality. In 90 this work, we examine the first two conditions. We first show the remarkable diversity of leaf 91 shape variation in I. batatas by accessing common morphometric measures--circularity, aspect 92 ratio, solidity--and by performing an Elliptical Fourier Descriptor (EFD) analysis, which 93 provides a broader perspective of variation due to traits typically difficult to define and measure.
94
We then survey gene expression differences associated with leaf shape types to identify potential 95 genes associated with leaf shape diversity. Finally, we determine the extent to which leaf shape 96 traits are genetically controlled and/or are influenced by the environment using a common 97 garden study of 74 sweetpotato accessions in two variable common gardens. Briefly, the leaves were converted to binary images and the outlines from these binary images 124 were used to measure circularity, aspect ratio and solidity. 125
We elected to focus on these classic shape descriptors because they each capture a distinct aspect 126 of leaf shape (Li et al., 2018 retained only if they were expressed at a counts-per-million above 0.5 in at least two samples.
212
We then normalized the libraries in edgeR (using the trimmed mean of M-values method) 213 followed by differential gene expression analysis between lobed vs entire individuals and high 214 aspect ratio vs low aspect ratio individuals using classic pairwise comparison of edgeR version 215 3.18.1. We extracted the significance of differentially expressed transcripts (DETs) with FDR <= 216 0.05. 217
Field experiment 218
We performed a field experiment to examine leaf shape traits in the field and to determine 219 whether environment and GxE interactions influenced these traits. We generated replicate 220 individuals for the field experiment by planting replicate 5 cm cuttings of the stem of each 221 accession in 4-inch pots which were randomly positioned on a mist bench in the Matthaei 222
Botanical Gardens. During the first week of June, we planted three to seven replicates of each of 223 the 74 accessions in two common gardens in the field--one located at the Matthaei Botanical 224
Gardens in Ann Arbor, MI, and the other at the Ohio University Student Farm, West State Street 225
Research site in Athens, OH. Replicates were planted in either three (MI) or seven (OH) blocks 226 in a completely randomized block design with 14-inch spacing between individuals. Blocks were 227 kept relatively weed free but were otherwise allowed to grow undisturbed. We sampled 2-5 228 leaves from each individual the first week of October, prior to the first frost, and scanned them 229
for ImageJ (Abràmoff et al., 2004 ) analysis of leaf shape traits -circularity, aspect ratio and 230
solidity. 231
Data analysis--We first examined the potential for variation in leaf shape due to environmental 232 differences (i.e. variation due to being grown in MI or OH) by performing an ANOVA. To 233 normalize the leaf shape traits, we used the function TransformTukey from rcompanion version 234 2.0.0 (Mangiafico, 2018) . TransformTukey is a power transformation based on Tukey's ladder of 235 Powers, which loops through multiple powers and selects the one that normalizes the data most. 236
These normalized leaf shape traits were then used as dependent variables and accession, garden, 237 block effects and an interaction term of accession and garden as independent variables in the 238 following model: 239 (Trait ~ Accession + garden + block + Accession:garden). 240
The term accession represents the genetic component, garden represents variation due to 241 environment (plasticity), Accession:garden represents the GxE component and the block effect 242 captures microenvironmental variation (and was nested within each garden). To quantify the 243 effects of each of these variables on leaf shape, we calculated eta squared (η2) as a measure of 244 the magnitude of effect size using the Bioconductor package lsr version 0.5 (Navarro, 2013). Eta 245 squared for an effect is measured as SSeffect/SStotal, where SSeffect is the sum of the squares of the 246 effect of interest and SStotal is the total sum of the squares of all the effects including interactions.
247
In other words, it is a measure of the proportion of variance in the dependent variable associated 248 with independent variable and is one of the most commonly reported estimate of effect size for 249 ANOVA (Levine and Hullett, 2002; Ialongo, 2016) . Further, we calculated broad sense 250 heritabilities of leaf shape traits to determine the extent to which leaf shape traits are genetically 251 controlled in each environment. Broad sense heritability was calculated using linear mixed 252 modeling with the Bioconductor package sommer version 3.4 (Covarrubias-Pazaran, 2016) based 253 on the phenotypic data collected from the two fields separately. The model used was 254 Trait~1, random=~Accession + block + Accession:block, rcov= ~units 255
Variance components thus obtained were plugged in the equation below to calculate the broad-256 sense heritability (H 2 ) using the formula: 257
where, Vg is the genotype variance, Ve is the environmental variance due to the blocks, Vgxe is 259 the variance associated with Vgxe(accession:block) and Vr is the residual variance. 260
261
RESULTS
262
Leaf shape variation among accessions 263
Although sweetpotato exhibits vast morphological variation, studies quantifying this 264 variation are still lacking. We sought to globally quantify leaf shape variation in a wide range of 265 samples (Figure 1 ) by first utilizing the classic shape descriptors--circularity, aspect ratio and 266 solidity--and by further performing an Elliptical Fourier Descriptor (EFD) analysis on leaf 267 outlines. 268
We found wide variation in the leaf traits across 59 I. batatas accessions (Table 1) Figure 3 shows the phenotypic diversity with respect to two leaf traits, circularity and 275 aspect ratio. Of our 59 accessions, 10 exhibit low circularity (defined as circularity < 0.50). PI 276 599387, for example, exhibited leaves that are very deeply lobed and thus has a low circularity 277 (0.09) value. In contrast, PI 566647 has no serrations or lobing (entire margins) and thus exhibits 278 high circularity (0.71; Figure 2b ). 
Identification and functional annotation of differentially expressed transcripts (DETs) 361
We found 47 gene transcripts to be differentially expressed in the comparison of lobed vs 362 circular-leaf individuals ( Figure 5a ) and 100 gene transcripts to be differentially expressed when 363 contrasting individuals with low vs high aspect ratio (Figure 5b) . Most of the DETs had high 364 differences in expressions; only 3 and 10 DETs had fold-change of less than 2 for circularity and 365 AR respectively. On an average, we found that 11 million unique paired-end reads (range 7.66M 366 -14.23M) mapped back from all 19 individuals to the reference transcriptome (net mapping 367 efficiency of 89.65% with the paired-end high-quality reads). This indicates that we had 368 sufficient read depth (>10M) to continue with our differential expression analysis as has been 369
shown by Wang et al., 2011. 370
371
Of the 47 DETs for circularity, 25 were upregulated in the entire type individuals as compared to 372 the lobed type individuals whereas 22 were down-regulated. Among the differentially transcribed 373 transcripts, we were able to annotate fifteen upregulated and four down-regulated transcripts 374 (after discounting the "uncharacterized protein" annotations). We used the functional annotations 375 of these transcripts to identify putative leaf shape genes (Table 3 ). The upregulated transcripts 376 had some interesting functional annotations (all with P-value < 0.001). For example, FAR1-377 related sequence 5 (or FRS5), with log fold-change of 5.77, is a putative transcription factor 378 which is involved in regulating light control of development and is upregulated in Arabidopsis 379 by far-red treatment (Lin and Wang, 2004 
Field experiment 401
We performed a field experiment to examine the variability of leaf shape traits in different 402 environments. Additionally, we wanted to identify the underlying components controlling this 403 variability (genotype vs environment vs GxE) and determine the extent to which these 404 components alter leaf phenotype. 405
To characterize leaf shape differences between environments, among genotypes and the 406 potential effect of GxE on leaf shape, we performed ANOVA ( Since much of the variation in leaf shape traits are explained by the accession effect, 420 which indicates a genetic basis underlying these traits, we wanted to determine a heritability 421 value for each trait. We thus estimated broad-sense heritability across environments and 422
replicates. We found the leaf shape traits to exhibit high heritabilities. 
DISCUSSION: 431
In this study, we examined leaf shape variation among replicated accessions of sweetpotato in 432 the greenhouse and across two common garden field experiments. We found evidence of 433 extensive morphological variation, with shape differences due to lobing, length-to-width ratio of 434 leaves and the prominence of tip and petiolar sinuses (Figure 3 and Figure 4 ). We combined this 435 morphological assessment with an examination of the gene expression underlying leaf 436 development, and identified potential candidate genes associated with two leaf shape traits--437 circularity and aspect ratio ( Figure 5 and Table 3 ). Further, we examined these same leaf shape 438 traits in two common gardens in the field to assess the environmental influence on each trait and 439 determine the extent to which each is controlled by genetic versus environmental factors. From 440 this we found leaf shape to have a strong genetic basis with most of the variation in phenotype 441 attributed to accessional variation, with low or limited influence of GxE (Table 4 and Table 5 ). 442
Below, we expand on each of our findings, and place them in the context of current knowledge 443 about leaf shape development as well as what is known about the environmental influence on 444 leaf shape in other species. 445
High morphological diversity in I. batatas leaf shape 446
Leaf shape is highly variable and shows a wide phenotypic continuum in the 447 domesticated I. batatas. We focused our morphometric study on three classical shape 448 descriptors--circularity, aspect ratio and solidity--each of which captures a distinct aspect of 449 shape. Circularity, a measure of leaf dissection, was found to be the most variable leaf shape trait 450 in I. batatas, ranging from 0.09 to 0.71. In comparison, aspect ratio, a measure of the length to 451 width ratio of the leaf, was found to be the least variable trait (range of 1.03-1.26); solidity 452 ranged from 0.44 to 0.95. These easy to measure shape descriptors have been found to be of 453 evolutionary significance in other plant species. For example, in a comparison of domesticated 454 tomato and its wild counterparts, the three traits were shown to have distinct values and occupy 455 diverse regions in morphospace (Chitwood et al., 2014) ; interestingly, in tomato, aspect ratio 456 explained over 40% of total shape variation (Chitwood et al., 2013) . In apple, an increase in leaf 457 size post-domestication is due to increased leaf width, and thus with reduced aspect ratio 458 (Migicovsky et al., 2017) . Furthermore, the three shape descriptors have also been shown to 459 successfully differentiate and classify leaves between species (Li et al., 2018). Thus, the 460 extensive variation in leaf shape found in sweetpotato might be indicative of the ongoing 461 evolution associated with the diversification phase (or the crop improvement phase) of 462 domestication. 463
Although important, the classical shape descriptors do not capture the entirety of shape 464 variation. For example, leaf shape variation due to prominence of the tips and petiolar sinus, and 465 even the variation associated with the positioning of the lobes is not accounted for by the three 466 shape descriptors. However, variation in shape due to these traits can be quantified by tracing the 467 leaf outlines. Thus, to capture leaf shape variation not accounted for by circularity, aspect ratio 468 and solidity, we performed a more global shape analysis using leaf outlines via Elliptical Fourier 469
Descriptor (EFDs). EFD is a morphometric technique that comprehensively quantifies the 470 outlines of a shape and is normalized to differences in leaf size. EFDs have been used to quantify 471 leaf shape variation in tomato (Chitwood et al., 2012) , grape (Chitwood et al., 2014) , apple 472 (Migicovsky et al., 2017) and Passiflora (Chitwood and Otoni, 2017) . In our analysis, the first 473 two principal components of the EFD analysis together accounted for 77.46% of the total 474 variation in leaf shape, and described variation associated with petiolar sinus, tips and 475 positioning of lobes. This variation would have been missed by simply quantifying classical 476 shape descriptors, suggesting that the use of comprehensive morphometric techniques can help 477 quantify the full extent of shape variation across species. 478
Gene transcripts underlying leaf shape variation 479
To further our understanding of gene expression changes involved in leaf development in 480 sweetpotato, we sequenced the transcriptomes of 19 accessions and assembled a high-quality 481 gene expression database for performing a differential expression analysis in I. batatas. We 482 adopted an integrated de novo assembly approach using multiple k-mers and combined the 483 assemblies to obtain a final set of non-redundant transcripts forming the reference transcriptome 484 for expression analysis. Additionally, our reference transcriptome was sufficiently complete, 485 with only 6.32% BUSCO single-copy genes missing from our transcriptome as compared to 486 30.6% and 27.6% missing from the two other assemblies previously reported in the literature 487 (Tao et al., 2012 , Yang et al., 2017 . 488
From the analyses of differential expression, we found 47 genes that were differentially 489 expressed between entire and lobed leaved individuals. Functional annotations of these genes 490 identified potential candidates that could be responsible for maintaining leaf shape variation 491 (Table 3) tomato, Arabidopsis, and cotton alter the complexity and lobedness of the leaves and are mostly 503 genes that contain a homeobox domain. Thus, although preliminary, our data indicate that the 504 degree of lobing in I. batatas is not conferred by the action of a gene containing a homeobox 505 domain as in these other species; in fact, none of the differentially expressed transcripts that we 506 identified contained a homeobox domain. 507
In contrast, we found a total of 100 differentially expressed genes associated with aspect 508 ratio. Based on the function of the homologs of these genes, we identified promising putative 509 candidate genes (Table 3) . For example, LIGHT-DEPENDENT SHORT HYPOCOTYLS 10 510 (LSH10) in A. thaliana is hypothesized to be a probable transcription regulator, as its function is 511 to regulate development in response to light by promoting cell growth, indicating that leaf aspect 512 ratio might be determined early in the developmental process. The other promising candidate 513 genes, xyloglucan endotransglucosylase/hydrolase protein 9-like and protein SABRE-like, are 514 involved in cell elongation (Hyodo et al., 2003) and radial expansion (Aeschbacher et al., 1995) .
515
Since aspect ratio is a measure of how long-vs-round a leaf is, differential expression of genes 516 involved in radial expansion (causing rounder leaves) and cell elongation (causing longer leaves) 517 are plausible for achieving a difference in AR of a leaf. Finally, differentially expressed 518 transcripts associated with aspect ratio also included genes having role in thermotolerance and 519 freezing survival. Interestingly, functional plausibility for this idea has already been established 520 in a closely related Ipomoea species: in I. hederacea, lobed-leaf accessions experienced less 521 damage from freezing night temperatures compared to heart-shaped accessions (Campitelli et al., 522 2013) . We think that the identified thermotolerance genes within this study likely indicate 523 downstream genes that are differentially expressed due to the difference in AR (effect rather than 524 cause). Overall, this finding supports the role of leaf shape in regulating the surrounding 525 temperature, which is the hypothesized path through which leaf shape influences photosynthetic 526 efficiency (Andries et al., 1969) . 527
Factors influencing leaf shape traits in multiple environments 528
While studies often examine the potential for plasticity in leaf shape traits ( paleoclimatic relationships might not be easily reconstructed for all species. It may also reflect 558 that our common gardens were not different enough to lead to plastic responses in these two 559 measures of leaf shape. The Ohio garden was consistently warmer (by 2°C on average) and 560 experienced less precipitation than the Michigan garden--the difference between the two gardens 561 was 662.43 mm/month on average throughout the growing season. Thus, although there were 562 significant environmental differences between gardens, before we conclude that circularity in I. 563 batatas is not strongly environmentally responsive, multiple studies in environments that range 564 more widely for temperature will need to be performed. 565
Comparatively, we found significant variation in aspect ratio due to environment and 566 GxE, explaining 1.93% and 12.95% of the total observed variation in this measure of leaf shape, 567
respectively. This is reflected in the significant alteration of trait values between environments.
568
Aspect ratio in the greenhouse was found to be higher as compared to the gardens but this 569 variation was small with values varying of the clones ranging from 0.02-0.06 (P < 0.001). Even 570 between the gardens, there was small yet significant differences observed (P < 0.001; 95% CI = 571 0.009-0.03), with clones grown in Michigan consistently showing less round, more elliptical 572 leaves than clones grown in the Ohio garden. However, we still found that 38.40% of the 573 variation in the trait was due to accessional variation which was also indicated in the estimated 574 heritability value of the trait (h 2 = 0.24). Aspect ratio has been found to be a major source of leaf 575 shape variation in apples and tomatoes with high heritabilities of 0.75 and 0.63, respectively 576 (Migicovsky et al., 2017; Chitwood et al., 2013) . In contrast, we found that this important leaf 577 shape trait is globally not as variable in sweetpotato (4.76% PCV), but it still presents a selection 578 potential. Since aspect ratio has considerable GxE, this indicates that this trait has a genetic 579 component that interacts with the environment leading to varied values between environment. 580
Conclusion 581
For leaf shape to be a crop improvement trait, there should be evidence of phenotypic 582 variation among cultivated accessions and this variation should be genetically controlled and 583 thus able to respond to selection. Overall, the work we present here suggests leaf shape has the 584 potential to serve as a crop improvement trait in sweetpotato: we show that the extensive natural 585 variation in different measures of leaf shape is largely controlled by genetic factors, with a low 586 proportion of variance in leaf shape attributable to environmental differences between gardens.
587
We also identified transcript expression patterns that underlie broad differences in two common 588 descriptors of leaf shape variation--aspect ratio and circularity. This comprehensive and multi-589 level examination of leaf shape, which is important for a broad understanding of crop-590 environment interactions, provides somewhat surprising and unexpected results. While we 591 identified differentially expressed genes that underlie leaf shape, they were not the same as those 592 previously identified in other species. Further, and also unexpectedly, we found remarkably little 593 evidence for differences in heritability values between our two common gardens. As a next step, 594
we plan to perform a multi-year, multi-garden experiment with a diverse set of sweetpotato 595 accessions to investigate potential correlational patterns between leaf traits, physiological traits, 596 as well as extend our analysis to yield and quality traits. 597
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